The Rho small G protein family members regulate various actin cytoskeleton-dependent cell functions. The Rho GDI (GDP dissociation inhibitor) family, consisting of Rho GDIa, -b, and -g, is a regulator that keeps the Rho family members in the cytosol as the GDP-bound inactive form and translocates the GDP-bound form from the membranes to the cytosol after the GTP-bound form accomplishes their functions. Rho GDIa is ubiquitously expressed in mouse tissues and shows GDI activity on all the Rho family members in vitro. We have generated mice lacking Rho GDIa by homologous recombination to clarify its in vivo function. Rho GDIa 7/7 mice showed several abnormal phenotypes. Firstly, Rho GDIa 7/7 mice were initially viable but developed massive proteinuria mimicking nephrotic syndrome, leading to death due to renal failure within a year. Histologically, degeneration of tubular epithelial cells and dilatation of distal and collecting tubules were readily detected in the kidneys. Secondly, Rho GDIa 7/7 male mice were infertile and showed impaired spermatogenesis with vacuolar degeneration of seminiferous tubules in their testes. Thirdly, Rho GDIa 7/7 embryos derived from Rho GDIa 7/7 female mice were defective in the postimplantation development. In addition, these morphological and functional abnormalities showed age-dependent progression. These results suggest that the signaling pathways of the Rho family members regulated by Rho GDIa play important roles in maintaining the structure and physiological function of at least kidneys and reproductive systems in adult mice.
Introduction
The Rho small G protein family is an important mediator of actin cytoskeletal reorganization that results in changes in morphology, motility, adhesion (Hall, 1994; Takai et al., 1995; Nobes and Hall, 1995) , and malignant transformation (Qiu et al., 1995; Khosravi-Far et al., 1995) of cells in culture. The Rho family members furthermore participate in gene transcription mediated by JNK/SAPK and SRF (Minden et al., 1995; Lamarche et al., 1996; Hill et al., 1995) , cell cycle progression (Olson et al., 1995) , exocytosis, and endocytosis (Price et al., 1995; Komuro et al., 1996; Lamaze et al., 1996) . At least nine members, including RhoA, -B, -C, -E, -G, Rac1, -2, Cdc42, and TC10, were identi®ed so far as the Rho family. Like other G proteins, small G proteins of the Rho family cycle between the two conformational forms: the GTP-bound active form and the GDPbound inactive form (Hall, 1994 (Hall, , 1998 Takai et al., 1995 Takai et al., , 1996 . Notably, the GDP-and GTP-bound forms of the Rho family members correspond to their subcellular localization; in the cytosol and membrane fractions, respectively.
The cycling between the two forms of the Rho family members is regulated by three types of regulators, GDP/GTP exchange protein (GEP), GTPase activating protein (GAP), and GDP dissociation inhibitor (GDI). GDI is known to possess at least two biochemical functions (Takai et al., 1995 . First, GDI preferentially interacts with the GDPbound form and prevents it from being converted to the GTP-bound form by the action of each GEP and subsequent translocation to its target membrane. Second, after the GTP-bound form completes its function and is subsequently converted to the GDPbound form by the action of each GAP, GDI forms a complex with it and translocates it to the cytosol. Thus, the modes of activation and action of the Rho family members are quite dierent from those of small G proteins of the Ras family, since the Ras family members are constitutively located on the plasma membrane and Ras GDI has not yet been identi®ed.
Rho GDI constitutes a family consisting of at least three isoforms, Rho GDIa, -b, and g. Rho GDIa, originally isolated from the bovine brain , is ubiquitously expressed (Fukumoto et al., 1990; Leonard et al., 1992) and binds all the Rho family members thus far examined, including RhoA, RhoB, Rac1, Rac2, and Cdc42 (Isomura et al., 1991; Hiraoka et al., 1992; Leonard et al., 1992; Chuang et al., 1993) . Rho GDIb, also called Ly-GDI or D4, is expressed exclusively in hematopoietic tissues including bone marrow, thymus, spleen, and lymph nodes (Lelias et al., 1993; Scherle et al., 1993) and shows GDI activity on at least RhoA and Cdc42 thus far examined, although it is less potent than Rho GDIa (Scherle et al., 1993; Platko et al., 1995) . Rho GDIg is expressed predominantly in brain, lung, kidney, testis, and pancreas, and binds RhoA, RhoB, RhoG, and Cdc42 (Zalcman et al., 1996; Adra et al., 1997) . Thus, there must be some mechanisms controlling how and when Rho GDIs should interact with speci®c groups of the Rho family members, although its precise nature remains unknown.
The functions of Rho GDIa in cell culture have been investigated using transfection and microinjection experiments. For instance, Rho GDIa caused disappearance of stress ®bers and inhibition of cell motility in Swiss 3T3 cells and 308R mouse keratinocytes (Miura et al., 1993; Takaishi et al., 1993 Takaishi et al., , 1994 , aected the localization of the ERM (Ezrin, Radixin, Moesin) family proteins and vinculin at the plasma membrane in MDCK cells . Exocytosis from rat mast cells (Mariot et al., 1996) and PC12 cells (Komuro et al., 1996) was inhibited by Rho GDIa, whereas receptor-mediated endocytosis of transferrin was suppressed by Rho and Rac but restored by Rho GDIa (Lamaze et al., 1996) .
To address the role of Rho GDIa in animals and its eects on the signaling pathways of the Rho family members, we generated mice lacking Rho GDIa and analysed their phenotypes. Here we report that the targeted disruption of Rho GDIa resulted in impairment of the physiological function of at least kidneys and reproductive organs.
Results

Generation of Rho GDIa 7/7 mice
To introduce a null mutation into the Rho GDIa locus by homologous recombination, we constructed a targeting vector in which all of the exons were replaced by an MC1-neo cassette ( Figure 1A ). Genotyping by Southern blot ( Figure 1B ) or PCR ( Figure 1C ) analysis demonstrated that Rho GDIa 7/7 mutants, +/7, and +/+ mice were produced at the expected ratio of 1 : 2 : 1 (Table 1) . Rho GDIa 7/7 mice were viable during embryonic and postnatal development. Western blot analysis of spleen lysates from Rho GDIa +/+, +/7, and 7/7 mice con®rmed the defect of Rho GDIa in Rho GDIa 7/7 mouse lysates. On the other hand, Rho GDIb levels were not dierent among all the three genotypes ( Figure 1D ). Thus, the viability of Rho GDIa 7/7 mice occurred in the absence of the functional Rho GDIa protein and of the absence of compensatory increase of other Rho GDIs.
Renal disorders mimicking nephrotic syndrome in Rho GDIa 7/7 mice Rho GDIa 7/7 mice were grossly normal in appearance, size, growth, development, and behavior. However, Rho GDIa 7/7 mice became physically weak and frail with increasing age. Rho GDIa 7/7 females and males examined at 12-week-old showed gross histological abnormalities in the kidneys. Rho GDIa 7/7 kidneys showed various degrees of cystic dilatation of both proximal and distal renal tubules compared with Rho GDIa +/+ kidneys ( Figure  2A ,B). Distal and collecting tubules tended to be more severely aected. Epithelial cells of renal tubules Western blot analysis of the Rho GDI family members. Equal amounts (10 mg of protein) of spleen homogenates were subjected to SDS ± PAGE using 12% polyacrylamide gel and transferred to nitrocellulose membrane. The blotted membrane was incubated with an anti-Rho GDI or anti-Ly GDI antibody and developed with the enhanced chemiluminescence 
± ± 0 ± ± 2 a (N) means the number of mice used for intercross mating. Mating was continued for more than 2 months and total pup number was summated were¯attened, and degenerated epithelial cells often detached from their basal membrane ( Figure 2C ) and released into the lumens. Aside from cell debris, the dilated distal tubules often contained acellular and amorphous casts ( Figure 2C , arrows). In addition, most of the glomeruli showed sclerosis in the mesangial region ( Figure 2D and C), and some of these glomeruli showed globular sclerosis. Interstitial in®ltration of in¯ammatory cells were also detected ( Figure 2F ).
The properties of renal function were also impaired (Table 2) . Urinary protein concentrations measured at 6-, 9-, and 12-week-old Rho GDIa 7/7 mice were signi®cantly increased than their +/+ littermates. When examined at 12-week-old, decrease of serum total protein and albumin was not apparently observed despite the massive urinary protein loss. However, total cholesterol and creatinine levels showed 1.5-and twofold increase, respectively, and creatinine clearance, an indicator of glomerular function, also decreased. The functional impairment of Rho GDIa 7/7 kidneys was not due to the tubular necrosis by obstruction of postrenal urinary tract, because Rho GDIa 7/7 mice excreted similar volumes of urine compared to those of +/+ mice (0.94 ml/day/mouse to 0.80 ml/day/mouse). Furthermore, Rho GDIa 7/7 mice of older age showed progression of the functional impairment. A female Rho GDIa 7/7 mouse of 9-month-old showed severe polyuria and proteinuria compared to an agematched female +/+ mouse (2.8 ml/day to 0.5 ml/day and 32.5 mg/day to 0.21 mg/day, respectively), hypoalbuminemia (1.73 g/dl to 3.81 g/dl), elevated serum urea nitrogen (148.4 g/dl to 18.0 g/dl), and creatinine levels (0.92 g/dl to 0.79 g/dl). Serum total cholesterol signi®cantly elevated (713.7 g/dl to 26.2 g/dl). A male Rho GDIa 7/7 mouse of the same age showed similar results (data not shown). These data suggest that lack of Rho GDIa in¯uenced the structural and functional organization of kidney epithelial cells, and that these impairments gradually progress along the aging of the Rho GDIa 7/7 mice, leading to renal failure and death.
Destruction of basal labyrinth in renal tubular epithelial cells of Rho GDIa 7/7 mice
The structural abnormalities of Rho GDIa 7/7 mice kidneys were examined by electron microscopy. Epithelial cells of the proximal renal tubules of Rho GDIa +/+ kidneys showed a number of mitochondria and invagination of the plasma membrane between adjacent cells that are called basal labyrinth ( Figure  3A ). In contrast, those of Rho GDIa 7/7 kidneys showed vacuolar degeneration that was found predominantly at the basal side of these cells ( Figure 3D ). Nuclei of these cells were compressed toward the apical side within these cells by the basal vacuolization. Rearrangement of invaginations appeared to compress mitochondria to the vacuolar walls. No other dierences were detected about microvilli of the proximal tubules and the number and distribution of pinocytic vacuoles. In contrast to the proximal tubules, the distal tubules of Rho GDIa 7/7 kidneys showed various phenotypes ( Figure 3B and C). In the mildly aected tubules, the epithelial cells were almost intact, but those in the dilated tubules¯attened and underwent to degeneration processes, such as nuclear fragmentation and decrease in number of mitochondria.
The sclerosing glomeruli of Rho GDIa 7/7 kidneys were also examined. The mesangial region Figure 2 Histological abnormalities of the kidneys. Kidneys from a 12-week-old Rho GDIa 7/7 female producing massive proteinuria (38.0 mg/day) and a Rho GDIa +/+ mouse of the same age were ®xed in Carnoy's solution, sectioned at 1 mm, and stained with Periodic Acid Schi solution. When samples were examined at lower magni®cation, multiple cysts were observed in the Rho GDIa 7/7 kidney (B) compared to the Rho GDIa +/+ kidney (A). The cysts were formed from the dilatation of both proximal and distal tubules, but the latter were more severely aected. Higher magni®cation view of the Rho GDIa 7/7 kidney (C) revealed the severe degeneration of epithelial cells and their detachment from the basal membrane. Dilated tubules often contained hyaline casts (C, arrows). Glomeruli of the Rho GDIa 7/7 kidney (E) enlarged compared to the Rho GDIa +/+ kidney (D). Most glomeruli showed the sign of segmental sclerosis. Some glomeruli underwent global sclerosis. In®ltrations of in¯ammatory cells were observed around small vessels (F). Bars: (A) and (B), 200 mm; (C ± F), 100 mm was occupied by electron-dense matrix, capillary loop structure was destroyed, and mesangial and endothelial cells decreased in number, which are compatible with focal glomerular sclerosis ( Figure 3C and F). The podocytes of these glomeruli were severely injured and nothing but cellular debris was observed ( Figure 3F ). These glomerular changes would cause nephrotic syndrome as observed.
Reproductive abnormalities of Rho GDIa 7/7 mice Intercross matings of Rho GDIa 7/7 mice rarely produced ospring. To determine which of them have reproductive abnormalities, we arranged several combinations of natural mating pairs. As shown in Table 1 , male Rho GDIa 7/7 mice were sterile when mated with female +/+ or 7/7 mice except a litter of two pups delivered from female 7/7 mice. In addition, female Rho GDIa 7/7 mice also showed low reproductive ability compared to female +/+ mice. Twelve female Rho GDIa 7/7 mice produced only four litters of one to three pups when mated with male mice of dierent genotypes. Heterozygous animals did not show obvious reproduction defects.
Histology of the testes of male Rho GDIa 7/7 mice revealed structural abnormalities. The testes in 20-week-old male Rho GDIa +/7 mice appeared healthy and the seminiferous tubules showed normal spermatogenic wave ( Figure 4A ± C) , whereas those in Rho GDIa 7/7 males of the same age showed that most of the seminiferous tubules contained vacuoles in the seminiferous epithelia, and that their diameters became generally smaller than those of Rho GDIa +/7 mice ( Figure 4D and E). Vacuolar degeneration was observed at every spermatogenic stage of germ cells, although the degree of vacuolization was variable among the seminiferous tubules. In the most extreme cases, the number of germ cells dramatically decreased and no spermatid or spermatocyte was detected. Even in the mild cases, the highly organized structure of the seminiferous epithelia was not observed ( Figure 4E ). Some of these seminiferous tubules contained elongated spermatids, but mature sperms were rarely seen both in the seminiferous tubules and epididymises ( Figure 4E and F). Leydig cells appeared to be morphologically normal and also functionally intact, since the weights of target organs of androgen, including ventral prostates and seminal vesicles, were normal (data not shown). These data suggest that the Rho GDIa null mutation showed a rather speci®c eect on germ cell survival and maintenance of tubular structure.
In contrast to males, the ovaries of Rho GDIa 7/7 females showed no apparent degeneration. Histology of the ovaries appeared to be normal with the formation of the secondary follicles and Graa®an follicles (data not shown). Nonetheless, functional disorders of Rho GDIa 7/7 females were obviously present, considering the results of intercross matings (Table 1 ). The reproductive abnormality of female Rho GDIa 7/7 mice was also con®rmed by in vitro fertilization experiments as shown in Table 3 . When female wildtype mice were superovulated, 194 eggs were obtained from ®ve wild-type females (38.8 eggs per mouse), and the ratio of fertilization was 98.5% and 70% of embryos grew up to newborns after being implanted into the uteri of pseudopregnant mice. Rho GDIa +/7 mice produced similar numbers of eggs upon superovulation (36.7 eggs per mouse). On the other hand, the ovulation of Rho GDIa 7/7 females decreased (30.4 eggs per mouse) compared to wildtype or Rho GDIa +/7 females. The eggs obtained from Rho GDIa +/7 and 7/7 females were fertilized with Rho GDIa-null sperms, and conversely, the eggs obtained from Rho GDIa+/+ and +/7 females were fertilized with normal sperms. The fertilization ratio in the former case was less than that in the latter case (Table 3 , compare lanes 1 and 2 with lanes 3 and 4). We also found out that only implantation scars were observed in the uteri of the pseudopregnant mice implanted with Rho GDIa 7/7 embryos derived from Rho GDIa 7/7 females (data not shown). These results suggest the presence of intrinsic defect in the reproductive system of Rho GDIa 7/7 females, especially in the postimplantation development of Rho GDIa 7/7 embryos derived from Rho GDIa 7/7 females. Figure 3 Electron micrographs of the kidneys. The renal tubules and the glomeruli of the Rho GDT +/+ (A ± C) and 7/7 (D ± F) kidneys were examined. Vacuolization was observed mainly in the basal side of epithelial cells of the proximal tubules of the Rho GDIa 7/7 kidney (D), and the basal labyrinth observed in the Rho GDI +/+ kidney cells (A) was destroyed in these cells. Epithelial cells of the distal tubules of the Rho GDIa 7/7 kidney (E) occupied by electron-dense material underwent a necrotizing stage (compare (E) with (B). Electron-dense deposits were observed in the mesangial region of a glomerulus of the Rho GDIa 7/7 mouse kidney (F). Podocytes were severely injured and the foot processes were disrupted (compare (F) with (C). Bar: 2 mm
Age-dependent progression of renal and testicular impairment
Histological and functional analyses were also performed on younger animals. However, younger mice showed more mild phenotypes, since the kidneys of 1-and 2-week-old Rho GDIa 7/7 mice showed no histological abnormalities ( Figure 5A and B) . However, some Rho GDIa 7/7 mice produced mild proteinuria at 3 weeks old (data not shown). Cystic dilatation and hyaline cast formation of the distal and collecting tubules were observed in the kidneys of 8-week-old Rho GDIa 7/7 mice ( Figure 5C ), although the number of the dilated tubules was small and glomerular sclerosis was not apparent. In these mice, proteinuria was readily observed (Table 2) . However, when Rho GDIa 7/7 mice were examined at 12-weeks-old, cystic dilatation of the renal tubules was more apparent and interstitial nephritis was also observed ( Figure 5D ). Testicular histology of male Rho GDIa 7/7 mice showed similar course of progression. Before reaching 8 weeks old, vacuolar degeneration of germ cells was not detected in the testes, but in mice older than 12-weeks-old, it was clearly observed and male 7/7 mice were infertile (data not shown and Table 2 ). Hence, Rho GDIa is not essential in the postnatal development of the kidneys and the testes, however, it is needed for the maintenance of the structure and function of these organs.
Discussion
Rho GDIa 7/7 mice were viable and developed normally, demonstrating that the function of Rho GDIa is not essential for mouse survival. However, Rho GDIa 7/7 mice displayed a number of abnormalities in their kidneys and reproductive systems. The most striking feature of Rho GDIa 7/7 mice is dilatation of distal and collecting tubules Figure 4 Histology of the testes. The testes of 20-week-old Rho GDIa +/7 (A ± C) and 7/7 (D ± F) male mice were ®xed in Bouin's solution, sectioned at 5 mm, and stained with hematoxylin and eosin. Lower magni®cation view of the testes of Rho GDIa +/7 (A) and 7/7 (D) mice showed multiple vacuoles in the seminiferous tubules of the Rho GDIa 7/7 testis. At higher magni®cation (B and E), severe degeneration of the seminiferous epithelia and the absence of sperm production was observed in the Rho GDIa 7/7 testis. No sperm cell was observed in the lumen of Rho GDIa 7/7 epididymis (compare (F) with (C)). Bars: (A) and (D), 200 mm; (B), (C), (E) and (F), 100 mm Delivering ratio was calculated by comparing the number of newborn pups to the number of embryos implanted into the uteri of pseudopregnant female mice with hyaline casts in the kidneys, and these structural changes appear to progress with aging. The vacuolar degeneration in the renal tubular epithelial cells as revealed by electron microscopy may disturb the arrangement of the actin cytoskeleton, since the actin cytoskeleton is mainly arranged in the basolateral sides of tubular epithelial cells. Destruction of the actin cytoskeleton may subsequently impair the structure of cell ± matrix and cell ± cell contacts, impair cellular metabolism, and ®nally lead to cell death. Clinical analysis of Rho GDIa 7/7 mice revealed proteinuria, hypoalbuminemia, and higher serum cholesterol levels, and all of which suggest that these mice represent nephrotic syndrome. Furthermore, progression of hypoalbuminemia, elevation of serum urea nitrogen and creatinine, and polyuria in the older Rho GDIa 7/7 mouse suggest the devastation of renal function, which will lead to renal failure and death.
Rho GDIa 7/7 male mice were infertile and similar pathological changes were detected in the seminiferous epithelia of Rho GDIa 7/7 testes. The vacuolization may re¯ect a dysfunction of Sertoli cells, since Sertoli cells are known to support spermatogenesis by attaching germ cells with cell ± cell adhesions. Disorganization of the seminiferous epithelia and impaired spermatogenesis may be caused by loss of the attachment of the Sertoli cells to the maturing germ cells.
Morphology of Rho GDIa 7/7 ovaries showed no signi®cant dierence when observed under normal conditions, however, natural mating and superovulation experiments revealed the existence of functional impairment of Rho GDIa 7/7 females. The number of eggs obtained from Rho GDIa 7/7 females by superovulation was about 80% of that of +/+ or +/7 females, but this is not a signi®cant decrease, since we usually obtain 30 ± 40 eggs per mouse of the same strain by superovulation in our laboratory. In addition, the decrease in the fertilization ratio of eggs obtained from Rho GDIa +/7 or 7/7 mice fertilized with Rho GDIa-null sperms was relatively small. From these ®ndings, we speculated that the ovarian function was fairly maintained in Rho GDIa 7/7 females, and that the decrease of fertilization ratio as described above was due to the decreased number and/or functional impairment of Rho GDIa-null sperms, not by the impairment in the fertilization process of these eggs. However, Rho GDIa 7/7 embryos obtained from Rho GDIa 7/7 females failed to develop normally in their postimplantation stage, since we found nothing but implantation scars with absorbed embryos in the uteri of pseudopregnant females. Furthermore, Rho GDIa 7/7 embryos obtained from Rho GDIa +/7 females appeared to develop normally as judged from results described in Table 1 and 3 (see column 4 in Table 1 and column 3 in Table  3 ). These results suggest the presence of the intrinsic abnormality of Rho GDIa 7/7 oocytes, and we may be able to explain these ®ndings with results obtained from the analyses of E-cadherin-de®cient embryos (Reithmacher et al., 1995) . When E-cadherin-de®cient embryos were cultured in vitro, they showed morphological change after compaction of the morula has occurred. In addition, these embryos demonstrated the presence of residual E-cadherin protein which is probably derived from maternal source up to the morula stage. Similar hypothesis may be presented; Rho GDIa 7/7 embryos derived from Rho GDIa +/7 females can survive through the postimplantation stage with maternal Rho GDIa protein, however, Rho GDIa 7/7 embryos derived from Rho GDIa 7/7 females fail to do so without Rho GDIa. Altogether we will need more experiments to clarify the function of Rho GDIa in the development of mouse embryo. Figure 5 Age-related progression of kidney lesions. The kidneys obtained from Rho GDIa 7/7 mice of various ages were ®xed in Bouin's solution, sectioned at 3 mm, and stained with hematoxylin and eosin. The kidneys of 1-week-old (A) and 2-week-old (B) mice showed normal development and no cyst was observed. In the kidney of 8-week-old mouse (C), cystic dilatation of distal tubules ®lled with casts began to appear (C, arrowheads), and it was more prominent in the kidney of 12-week-old mouse (D). Bars, 400 mm
The function of the Rho family members in epithelial cells has been studied so far: The Rac and Rho subfamilies are involved in the regulation of cadherin-dependent cell ± cell and cell ± matrix adhesion, respectively, in MDCK cells Imamura et al., 1998) and in cultured keratinocytes (Braga et al., 1997) . Furthermore, disruption of cell ± matrix interaction induces apoptosis (anoikis) of MDCK cells (Frisch and Francis, 1994) . These studies suggest that the Rho family members are the key mediators for the assembly of polarized epithelial cells and are needed for cellular survival. Considering these results, how can we explain the phenotypes in epithelial cells of Rho GDIa-de®cient mice? The most important aspect of Rho GDIa is the correct assembly of the cycling of the activities and intracellular localization of the Rho family members. Thus, it sounds plausible that the cycling of the Rho family members between the GDP-bound and GTPbound forms and their translocation between the cytosol and membrane fractions may be disturbed in the absence of Rho GDIa.
We could not provide an underlying mechanistic explanation for the question of why the abnormal phenotypes of Rho GDIa 7/7 mice were observed in the tissue-speci®c and age-dependent manners. Since Rho GDIa is normally expressed in most tissues of mice of each developmental stage, this tissue would not be attributed to its speci®city of gene expression. In addition, primary embryonic ®broblasts prepared from Rho GDIa 7/7 mice did not show apparent dierences compared to +/+ cells at least in the reorganization of actin cytoskeleton upon stimulation with growth factors and cell movement observed by wound healing assay (data not shown). The signaling pathways of the Rho family members in the kidneys and the reproductive organs appeared to be sensitive to the loss of Rho GDIa, and it may be explained that no other member of the Rho GDI family exists or functions in these tissues. We have to study downstream targets of the Rho family members to address whether the observed phenotypes are due to changes in the normal functions of the Rho family members. New insights into the functions of Rho GDIa and the Rho family members in general are likely to come from further studies of these mice.
Materials and methods
Construction of targeting vector
A mouse brain cDNA library (Stratagene) was screened with the probe which was derived from bovine Rho GDIa cDNA (Fukumoto et al., 1990) . A 1780-bp cDNa fragment containing the open-reading frame of the Rho GDIa gene was used to isolate genomic clones from a 129SvJ mouse genomic DNA library (Stratagene). Overlapping genomic clones were obtained and mapped with respect to the mouse Rho GDIa cDNA sequence. The DNA region about 3-kb length covering all the exons of the Rho GDIa gene was replaced by a MC1 promoter-driven neomycin-resistant gene cassette linked with PstI and SphI sites. A dyphteria toxin-A (DT-A) cassette at the 3' end of the targeting vector was used for negative selection.
Selection of ES cells and generation of Rho GDIa 7/7 mice CCE embryonic stem (ES) cells were cultured essentially as described (Robertson, 1987) . The linealized targeting vector was electroporated into ES cells as described (Koera et al., 1997) . Among the 120 G418-resistant ES clones, two clones underwent homologous recombination which was con®rmed by Southern blot analysis. ES clones with targeted mutation of the Rho GDIa gene were injected into C57BL/6 blastocysts and chimeric mice were generated as described (Bradley, 1987) . Male chimeric mice were mated with female BDF1 mice. Osprings with agouti coat color were genotyped by Southern blot and/or PCR analyses. Heterozygous mice were interbred and resulting mice were genotyped.
DNA isolation and genotyping
The genomic DNA from ES cells was prepared as described (Robertson, 1987) and analysed by Southern blot. Mouse tail DNAs were extracted from tail tips as described (Hogan et al., 1994) and used for Southern blot and/or PCR analyses. For Southern blot analysis, a 0.3-kb SphI ± SacI fragment and a 0.5-kb SmaI-EcoRI fragment were used as probes A and B, respectively. Primers 5'-AGAACAGGAACC-CACTGCTGA-3' and 5'-CAGAGGGCATCAGTGCA-GAAA-3' generated a 239-bp band ampli®ed from the wildtype allele. A 370-bp band indicative of the mutant Rho GDIa allele was generated by primers 5'-GGGCGC-CCGGTTCTTTTTGTC-3' and 5'-GCCATGATGGATAC-TTTCTCG-3'.
Western blot analysis
Protein samples were subjected to SDS ± PAGE as described (Laemmli, 1970) , transferred to nitrocellulose membranes, and probed with primary antibodies. Bound antibodies were visualized with horseradish peroxidase-conjugated anti-rabbit or anti-goat IgG by using the enhanced chemiluminescence (Amersham Pharmacia Biotech). Anti-Rho GDI and anti-Ly GDI antibodies were purchased from Santa Cruz Biotechnology.
Morphological and clinical analyses
For histological analysis, tissues were ®xed, dehydrated, embedded in paran, and sectioned. Ultrastructure of the kidneys were analysed essentially as described (Mandai et al., 1997) . For urine analysis, mice were housed in metabolic cages with free access to food and water, and 24-h urine was collected. Twelve-week-old mice were sacri®ced and blood samples were collected. Serum and urine proteins were measured with Bradford's method (Bradford, 1976) . Serum and urine creatinine, serum total cholesterol, and blood urea nitrogen were quanti®ed by using kits purchased from Wako Pure Chemicals (Osaka, Japan). Creatinine clearance was calculated as follows: Ccr=U6V/P (P=plasma creatinine level, mg/dl; U=urine creatinine level, mg/dl; V=24-h urine volume, ml/day).
